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Abstract. Century-long continuous daily observations from some stations are important for the study of long-
term trends and extreme climate events in the past. In this paper, three daily data sources – (1) the Department of
Industry Agency of the British Concession in Tianjin covering 1 September 1890–31 December 1931, (2) the Wa-
ter Conservancy Commission of North China covering 1 January 1932–31 December 1950 and (3) monthly jour-
nal sheets for Tianjin surface meteorological observation records covering 1 January 1951–31 December 2019
– have been collected from the Tianjin Meteorological Archive. The completed daily maximum and minimum
temperature series for Tianjin from 1 January 1887 (1 September 1890 for minimum) to 31 December 2019 has
been constructed and assessed for quality control with an early extension from 1890 back to 1887. Several sig-
nificant breakpoints are detected by the penalized maximal T test (PMT) for the daily maximum and minimum
time series using multiple reference series around Tianjin from monthly Berkeley Earth (BE), Climatic Research
Unit Time-Series version 4.03 (CRU TS4.03) and Global Historical Climatology Network (GHCN) v3 data. Us-
ing neighboring daily series the record has been homogenized with quantile matching (QM) adjustments. Based
on the homogenized dataset, the warming trend in annual mean temperature in Tianjin averaged from the newly
constructed daily maximum and minimum temperature is evaluated as 0.154± 0.013 ◦C per decade during the
last 130 years. Trends of temperature extremes in Tianjin are all significant at the 5 % level and have much
more coincident change than those from the raw data, with amplitudes of −1.454, 1.196, −0.140 and 0.975 d
per decade for cold nights (TN10p), warm nights (TN90p), cold days (TX10p) and warm days (TX90p) at the
annual scale. The adjusted daily maximum, minimum and mean surface air temperature dataset for Tianjin city
presented here is publicly available at https://doi.org/10.1594/PANGAEA.924561 (Si and Li, 2020).
1 Introduction
Instrumental observation records at meteorological stations
are the most widely used firsthand information about weather
and climate change and variability. They have the advantages
of better representativeness as well as accuracy compared to
other data (Leeper et al., 2015; Dienst et al., 2017; Xu et al.,
2018). The most representative long-term observational tem-
perature datasets in the world since IPCC AR5 (2013) in-
clude the Global Historical Climatology Network-Monthly
(GHCN-M) dataset (Lawrimore et al., 2011; Menne et al.,
2018), Climatic Research Unit (CRU) datasets (Jones et al.,
2012; Harris et al., 2020), the Goddard Institute for Space
Studies GISTEMP dataset (Hansen et al., 2010; Lenssen et
al., 2019) and Berkeley Earth (BE) surface temperature (Ro-
hde et al., 2013; Rohde and Hausfather, 2020). Recently,
in order to make up for the limited coverage and the po-
tential regional variability in data quality of current global
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climate datasets, Xu et al. (2018) have developed a new
dataset of monthly integrated and homogenized global land
surface air temperature (C-LSAT). This has been updated
to C-LSAT2.0, with the data extended to the period 1850–
2019 (Li et al., 2020a, 2021). These datasets were all devel-
oped at the monthly scale based upon meteorological station
records from different continents across the world through
the integration of different data sources, quality control of
climate outliers, time and space consistency, and the anal-
ysis of data homogenization. The Global Historical Clima-
tology Network-Daily (GHCN-D) dataset has also been de-
veloped, to meet the needs of climate analysis and monitor-
ing research, but about two-thirds of the stations contribut-
ing to this dataset report precipitation only. In addition, the
GHCN-D dataset has not been homogenized for artifacts due
to changes in reporting practices at different times at par-
ticular stations (i.e., systematic biases), although the entire
dataset has been quality controlled (Menne et al., 2012).
Chinese scholars, since the 1980s, have also carried out
many studies on the establishment of long-term observational
time series in China, but they often mainly used tree rings,
ice cores, historical materials and other proxy data as part
of the restoration of time series before 1950 (Wang et al.,
1998, 2000; Zheng et al., 2015; Yu et al., 2018). The results
based on these data are of great significance as they reveal the
characteristics of climate periodicity and multi-scale changes
over the past 100 years, but they are insufficient to meet the
needs of quantitative monitoring and detection of long-term
extreme climate events. In particular, there are many limita-
tions when homogenizing the time series before the 1950s
(including the establishment of reference series) such as the
lack of continuous observational data or detailed and reliable
metadata information, leading to the increase in uncertainties
for regional and/or local climate analysis (Li et al., 2020b).
As a result there still exist many uncertainties in the charac-
teristics of climate change from the 19th century to the mid-
20th century (Li et al., 2010, 2017; Sun et al., 2017; Cao et
al., 2017).
Since daily time series generally contain many more ob-
servations than monthly or annual series, daily analyses po-
tentially have greater precision. As a result they are more
useful in climate trend and variability studies, especially for
extreme events (Vincent et al., 2012; Xu et al., 2013; Trewin,
2013; Hewaarachchi et al., 2017). However, due to diffi-
culties in collecting and/or receiving daily data all over the
world as well as non-climatic effects such as changes in
observation times, there are numerous issues. For example,
observations from temperature sites at principal stations in
Canada were changed to be read at 00:00 to 06:00 univer-
sal time (Vincent et al., 2002), making it is very difficult to
form a global daily data product at the century-long scale.
This makes it extremely difficult to study global and/or re-
gional extreme events over the past 100 years, especially be-
fore 1950. For some regional areas, daily instrumental ob-
servations may be extended to the 19th century, and hence
they are more valuable. Png et al. (2020) have compiled
463 530 instrumental observations of daily temperature, pre-
cipitation and sunshine from 319 stations distributed over
China during 1912–1951 mostly from the sources of monthly
reports from the Nanjing Institute of Meteorology, observa-
tories across Japanese-occupied Manchuria and the Japanese
Army in North China. Since these are daily data, they are
immensely useful for the analysis of mesoscale and sub-
seasonal climate variations. Although the earliest instrumen-
tal observations in China began in the 1840s, observations
at some sites were interrupted during the 1940s due to wars
(e.g., the Second Sino–Japanese War, known in China as the
War of Resistance against Japan, and the Chinese Commu-
nist Revolution, known in China as the War of Liberation),
and hence many pieces of information have likely been lost.
Studies of the rescuing, processing and constructing of com-
plete and continuous daily site data over China are somewhat
rare.
Due to the historic reasons of leased territory in China,
some local single sites often have multiple observational
sources before 1950. For example, for Qingdao, monthly sur-
face air temperature series during 1899–2014 have been con-
structed based on newly digitized and homogenized observa-
tions from the German National Meteorological Service from
1899 to 1913 (Li et al., 2018). Tianjin Meteorological Sta-
tion is one of the typical stations with more than 100 years
of observed climate data in China (Yan et al., 2001; Si et
al., 2017). This station also has multi-source observations
before 1950 as observed at some other meteorological sta-
tions in China with century-long datasets. Thus, considering
Tianjin Station as an example, this paper aims to construct
a new daily instrumental maximum and minimum tempera-
ture series on the century scale in China, through integration,
quality control, extension and homogenization of the multi-
ple daily observations. The newly constructed daily tempera-
tures in Tianjin provide relatively longer and more complete
and reliable climate series for studies of climate and extreme
climate change over the century-long scale.
The remainder of this paper is arranged as follows: Sect. 2
describes the station histories from Tianjin. The basic data
and reference data sources and their pre-processing are in-
troduced in Sect. 3. Section 4 introduces the procedures of
constructing new daily maximum and minimum temperature
series. Section 5 presents the average and extreme temper-
ature trend change based on newly constructed series. The
availability of the resulting dataset (Si and Li, 2020) is re-
ported in Sect. 6, and a summary of results and some discus-
sion are given in Sect. 7.
2 Historical evolution of Tianjin Meteorological
Observation Station
Wu (2007) showed that Tianjin Meteorological Observation
Station was under the control of the Department of Indus-
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Figure 1. The handwritten observation records of Tianjin before 1950: (a) and (b) for records of maximum and minimum temperatures from
the Department of Industry Agency of the British Concession in Tianjin and (c) for records from the Water Conservancy Commission of
North China. (d) Tianjin Observatory at 22 Ziyou Road. These photographs were provided by the Tianjin Meteorological Archive, Tianjin
Meteorological Bureau.
try Agency of the British Concession in Tianjin covering
September 1887 to December 1941. During the period from
September 1904 to December 1949, it was co-ordinated by
many departments, such as Japan Central Meteorological
Agency, the Central Meteorological Bureau of the Repub-
lic of China, the Aviation Department of the North China
Military Region of the People’s Liberation Army (PLA), the
Shunzhi Water Conservancy Commission, the Water Conser-
vancy Commission of North China and the Water Conser-
vancy Engineering Bureau of North China. However, only
the records of daily maximum and minimum temperatures
from the Department of Industry Agency of the British Con-
cession in Tianjin (Fig. 1a, b) and the Water Conservancy
Commission of North China (Fig. 1c) have been collected by
the Tianjin Meteorological Archive. Each set of records is
continuous and complete, and most importantly they can be
connected to each other on 1 January 1932 without overlap-
ping, thereby forming a complete and continuous time series
before 1950.
The daily temperature records at Tianjin Meteorologi-
cal Observation Station that we have accessed begin on
1 September 1890 and were collected by the Tianjin Mete-
orological Archive (Fig. 1a–c). The metadata history logs
of Tianjin Observation Station during 1 September 1890–
31 December 2019 are listed in Table 1. The history is
sorted according to the Specifications for Surface Meteoro-
logical Observation in China (versions of 1950, 1954, 1964,
1979 and 2003), metadata of Chinese surface meteorologi-
cal stations and journal sheets of Tianjin surface meteoro-
logical records. Changes to observational times have been
marked on the original time series of maximum and min-
imum temperatures for the city of Tianjin (see Fig. 2). As
shown in Table 1, Tianjin Meteorological Observation Sta-
tion has relocated four times since 1890 – several times in
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Table 1. The history logs at Tianjin Meteorological Observation Station during 1 September 1890–31 December 2019.
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The straight line (–) indicates no change. The observing time in Beijing time (BJT). Tmax and Tmin indicate the maximum and minimum temperature, respectively.
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Figure 2. Original series of daily maximum temperature (a) and minimum temperature (b) at Tianjin Meteorological Observation Station
covering 1 September 1890–31 December 2019. Black stars with vertical dashed lines on the axes mark metadata times (the relocation point
in 1921 is marked by green star with vertical dashed line due to no specific date).
1921 (Fig. 1d) and on 1 January 1955, 1 January 1992 and
1 January 2010 – without prominent changes in elevations.
The environment surroundings of Tianjin Station changed
from urban to suburban in 1955, accompanied by a number
of instrument changes. In this period, changes to the instru-
ment manufacturer happened four times for both maximum
and minimum temperature series, as well as changes in auto-
matic observation instead of manual observation in 2004 and
a new-generation replacement of the previous automatic in-
strument in 2014. In documented metadata (Table 1), there
have been changes in observing time four times for both
maximum and minimum temperatures since 1951, but they
were always recorded over a 24 h observational window in
Beijing time (BJT) or similar to BJT (as for the period of
1 January 1954–31 December 1960). Moreover, it is impor-
tant to mention here that since 1951 there have been two sta-
tions, viz. Tianjin and Xiqing, colocated in the Tianjin area.
Due to rapid urbanization in the surrounding environmen-
tal Tianjin area, the old Tianjin site gradually became less
representative as a climate observation station, and therefore
since 1 January 1992, observations at Xiqing Station have
been used to replace the old Tianjin Station. It can be consid-
ered that Tianjin Station was relocated to Xiqing Station on
that date.
3 Data sources
3.1 Original data and preliminary quality control
Based on the analyses of metadata history at Tianjin Sta-
tion discussed in Sect. 2, this paper selects three observa-
tional temperature data sources collected by the Tianjin Me-
teorological Archive for the basic data to construct the daily
maximum and minimum temperature time series at Tianjin
Station from 1890 (Fig. 2). These are the daily observation
records from (1) the Department of Industry Agency of the
British Concession in Tianjin covering 1 September 1890–
31 December 1931, (2) the Water Conservancy Commission
of North China during 1 January 1932–31 December 1950
and (3) monthly journal sheets of Tianjin surface meteoro-
logical observation records covering 1 January 1951–31 De-
cember 2019. Since there are no missing data or overlap for
each of the three daily sources, the three daily data resources
are directly spliced into a complete time series. However, in
view of the regime changes of operation and different sta-
tion numbers between Tianjin Station and Xiqing Station
that happened on 1 January 1992 (Table 1), the daily records
from 1 January 1951 to 31 December 1991 observed in the
Hexi area and those observed in the Xiqing area from 1 Jan-
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uary 1992 to 31 December 2019 are used to form the basic
daily time series from 1 January 1951 to 31 December 2019
for the long series.
A preliminary quality control procedure consisting of mul-
tiple steps was carried out on the original integrated daily
time series of maximum and minimum temperature from
1 September 1890 to 31 December 2019 at Tianjin to re-
move any errors caused by manual observations, instrument
malfunctions and digital inputs. Firstly, the range of the daily
maximum or minimum temperature was scrutinized for mag-
nitude beyond the limit of 60 and −80 ◦C, which would be
classified as errors. Fortunately, both the series have no such
errors. Secondly based on anomalies from the 1961–1990
as reference period, climatic outliers of maximum and min-
imum temperature are assessed considering a magnitude ex-
ceeding 5 standard deviations of their monthly anomalies as
outliers during 1890–2019. There is no outlier found in our
validation. Finally, internal consistency was investigated by
checking if there are any minimum-temperature data greater
than or equal to the maximum on the same date, and no such
inconsistencies were found. It is important to mention that
there is a sudden rise in the annual minimum temperature se-
ries during the year 1927 even after these three checks. The
offsets of the discontinuities in 1927 compared with averages
for the two sections before and after it are 4.2 and 3.4 ◦C, re-
spectively. We repeated the steps of outlier checks once by
reviewing the earlier condition with 3 times the standard de-
viation of monthly anomalies. Results indicate that most of
the daily minimum data for April to October 1927 exceed
the current conditions and the data during this period, so
they were set to missing values. Even though the quality of
original daily maximum and minimum temperatures during
1890–2019 at Tianjin Station is good, these checks provide a
good foundation for the subsequent construction of a reliable
homogenized daily series.
3.2 Reference data
Wu (2007) documented that although the earliest surface ob-
servation records at Tianjin Station start with the year 1887,
the observed daily maximum and minimum temperatures
collected by the Tianjin Meteorological Archive began in
September 1890 (Fig. 2). Therefore, some additional refer-
ence data sources are selected to extend the daily tempera-
ture series from January 1887 to August 1890 and lengthen
the established daily temperature data to as early as pos-
sible. In addition, it is extremely important to establish an
objective as well as a reasonable reference series for data
homogenization. But due to non-availability of observation
records and station metadata before 1950, especially for daily
data, it is impossible to find a complete and reliable observed
temperature series as a reliable reference series for Tianjin.
Based on a few recently reported studies (Li et al., 2020a;
Lenssen et al., 2019; Xu et al., 2018; Menne et al., 2018),
we employ the station series or the interpolated tempera-
Figure 3. The annual and seasonal average anomalies of maximum
(a–e) and minimum (f–j) temperatures based on the interpolated
series of BE and CRU TS4.03 and the station series of GHCN v3
for Tianjin Station.
ture series using neighboring grid boxes from three global
land surface temperature observation series (Table 2) as ref-
erence data sources for extension and establishment of ref-
erence data series used in data homogenization at Tianjin
Station. Plots of Tianjin Station from all three series are
shown in Fig. 3. The three global land surface tempera-
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Table 2. Information on reference data sources.
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ture (LSAT) datasets are (1) Berkeley Earth (BE) land tem-
perature (Rohde and Hausfather, 2020; http://berkeleyearth.
org/data/, last access: May 2020), (2) Climatic Research
Unit Time-Series version 4.03 (CRU TS4.03; Harris et
al., 2020; http://data.ceda.ac.uk/badc/cru/data/cru_ts/cru_ts_
4.03/data/, last access: May 2020) and (3) Global Histori-
cal Climatology Network version 3 (GHCN v3; Lawrimore
et al., 2011; https://www.ncdc.noaa.gov/ghcnd-data-access,
last access: May 2020).
The selected three LSAT datasets are not independent as
they likely use common input observations. The multiple
datasets provide a variety of useful checks because they em-
ploy different ways of handling data problems such as incom-
plete spatial and temporal coverage and non-climatic influ-
ences on meteorological measurement (Hansen et al., 2010).
As shown in Table 2, the three LSAT datasets involve qual-
ity control and homogenization but use different methods.
The records of BE were usually split into portions occurring
before and after known and presumed discontinuities (e.g.,
from station relocation or instrument changes) without ad-
justment. For CRU TS4.03, most of these data have been ad-
justed, because the ultimate sources of most station records
are from national meteorological services (NMSs), that is,
China Meteorological Administration (CMA) for Tianjin.
GHCN v3 station data used in this paper are the quality-
controlled and adjusted (QCA) data, which were produced
by the developers of GHCN-Monthly. Two types of grid data,
CRU TS4.03 and BE, are both interpolated to the site level
using the bilinear method.
From Table 2, only daily BE maximum and minimum
temperatures are available. So the daily BE maximum-
temperature data corresponding to the site level Tianjin Sta-
tion are selected as the extension data for the period of 1 Jan-
uary 1887–31 August 1890 (the specific information about
extending the processing for this period is in Sects. S1–S3
in the Supplement), and the daily minimum series still be-
gins with the date on 1 September 1890 due to scarcity of
reference data sources.
4 Construction of daily maximum and minimum
temperature series from 1887 to 2019
On the basis of the quality-controlled and the extended series,
the daily homogenized maximum and minimum observation
temperature series in Tianjin were constructed by means of
the flowchart illustrated in the dashed-box part of Fig. 4. Ho-
mogenization is an important step to eliminate the discon-
tinuities in observation records induced by non-climatic in-
fluences such as station relocation, instrument change and
observing time change. Most importantly, the true character-
istics of climate change are preserved in this process (Quayle
et al., 1991; Della-Marta and Wanner, 2006; Haimberger et
al., 2012; Rahimzadeh and Zavareh, 2014; Hewaarachchi et
al., 2017).
4.1 Establishment of the reference series
In the process of homogenization, reasonable reference series
play an important role in the reliability of the detected break-
points. So in this section, we will establish monthly and daily
reference series for the maximum or minimum temperature
series at Tianjin Station and use them for breakpoint detec-
tion and adjustment, respectively. Both reference series are
established using a weighted average method. For monthly
reference series, we will establish two types in order to make
the detected breakpoints more reasonable and reliable. First,
reference data are based on the combination of the interpo-
lated temperature series from monthly BE and CRU TS4.03
and station series from GHCN v3 data for the Tianjin site
(the three global LSAT datasets), and secondly they are based
on the interpolated temperature series from monthly BE data
only. From the three LSAT datasets, the weight coefficients
are the square of the correlation coefficients between each
LSAT and Tianjin’s observed data. The daily reference series
we use is based on the interpolated temperature series from
daily BE data only.
In the case of the interpolated temperature series from
monthly or daily BE data only, the site level data are de-
rived from the station network across the Beijing–Tianjin–
Hebei area in China (Fig. 5). These stations are selected as
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Figure 4. The flowchart of construction for century-long daily maximum and minimum temperature series in Tianjin.
follows: firstly, the potential stations at horizontal distances
less than 300 km from Tianjin Station and with altitude dif-
ferences within 200 m are chosen; secondly, we select the
10 stations that are closest to Tianjin Station using a spher-
ical distance; finally, nine stations are confirmed which are
consistent between step 1 and step 2. In Fig. 5 (the right),
these nine stations are identified by solid green circles with
black or red stars; some metadata are also provided in Ta-
ble 3. Thus, the interpolated temperature series from BE ref-
erence series are generated using the weighted average of the
nine stations. These weights are calculated as the square of
correlation coefficients between the interpolated temperature
series from monthly or daily BE data for each of the nine sta-
tions and Tianjin’s observed data. Recall also that the missing
values in the original daily minimum temperature at Tianjin
for April to October 1927 (checked in Sect. 3.1) were re-
placed by the corresponding data from the nine weighted in-
terpolated temperature series from daily BE data.
4.2 Breakpoint detection and adjustment
The RHtestsV4 software package is used to homogenize the
daily maximum- and minimum-temperature data at Tian-
jin Station. The software consists of the penalized maximal
T test (PMT) (Wang et al., 2007) and quantile matching
(QM) adjustment (Wang et al., 2010; Bai et al., 2020; Lv
et al., 2020), both of which are used to detect and adjust the
known or presumed discontinuities. As observed in earlier re-
ported studies (Vincent, 2012; Trewin, 2013; Xu et al., 2013),
Table 3. Metadata information of the nine stations used to build
reference series.
Station Altitude Surround-
number Latitude Longitude (m) ings
54517 39◦04′ 117◦12′ 2.2 urban
54518 39◦07′ 116◦23′ 9.0 rural
54526 39◦05′ 117◦20′ 1.9 urban
54528 39◦14′ 117◦08′ 3.4 rural
54530 39◦13′ 117◦46′ 0.5 rural
54619 38◦55′ 116◦55′ 5.5 urban
54622 38◦57′ 117◦25′ 1.5 rural
54623 39◦03′ 117◦43′ 4.8 urban
homogenization at the daily timescale is much more chal-
lenging than that at monthly or annual scales. Thus, firstly
we test Tianjin’s monthly observed maximum and minimum
temperature series averaged from the daily ones to find the
significant breakpoints by means of the PMT at the 5 % sig-
nificance level using two types of monthly reference series.
We then adjust the daily series at Tianjin Station by QM ad-
justment with or without the daily reference series.
The breakpoints in the segment before 1921 are mainly
determined by objective judgment from the same shifts at
the 2-monthly timescale simultaneously due to the scarcity
of station metadata. Those after 1921 are additionally as-
sessed together with the station metadata and PMT detection
at the 5 % significance level. We made a list according to Ta-
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Figure 5. Geographical distribution of the surface weather stations (solid black circles) in the Beijing–Tianjin–Hebei area in China and the
nine selected stations (solid green circles with black or red stars).
ble 1 containing some possibilities that could cause shifts in
Tianjin’s daily maximum and minimum temperature series
(Fig. 2, vertical dashed lines). The dates of 1 January 1932
and 1 January 1951 are connection points for different data
sources; 1921, 1 January 1955, 1 January 1992 and 1 Jan-
uary 2010 indicate station relocations, and the other dates
are the times of instrument and/or observing time change.
However, due to statistical non-significance, those potential
discontinuities are not considered the final discontinuities
(Fig. 6). So potential dates do not always cause artificial dis-
continuities at the joining of the three observation segments
for daily maximum or minimum temperature series. All the
instrument changes that happened for maximum and mini-
mum series have also not introduced any significant shifts.
In this regard, they do not look like the changes that hap-
pened with other networks around the world, such as the US
Cooperative Observer Program (COOP) network (Leeper et
al., 2015). Moreover, different observing times (including the
automated observation system) also do not introduce any sig-
nificant biases to the temperature time series, since the daily
maximum and minimum temperatures are always recorded
over a 24 h observational window. Additionally, various ver-
sions of Specifications for Surface Meteorological Observa-
tion in China (e.g., versions of 1950, 1954, 1964, 1979 and
2003) imply that the observation principles of the highest and
lowest thermometers are consistent, although there were a
number of alterations in observing times.
Breakpoints on 1 March 1897 and 1 June 1907 are with-
out metadata support, but those on 1 January 1955 and 1 Jan-
uary 1992 are confirmed by metadata of station relocations.
On 1 January 1955 Tianjin Meteorological Station was relo-
cated from 22 Ziyou Road to Zunyi Road, which is only 5 km
north of the original site and is more open and clear, and on
1 January 1992 it was relocated from Qixiangtai Road, Hexi
District, to Xidawa, Xiqing District (Table 1). The significant
breakpoints are given in Fig. 6 as vertical solid lines.
The amplitudes of QM adjustment applied to each in-
dividual daily maximum- and minimum-temperature data
are [−4.606, 2.621 ◦C] (Fig. 7a) and [−5.972, 1.897 ◦C]
(Fig. 7b). The medians of QM adjustment are −0.764 and
−0.506 ◦C, respectively. As shown in Fig. 7, about 75 % of
adjustments cover −2.5 to 0.8 ◦C in daily maximum series.
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Figure 6. QM-adjusted and raw series (after quality control and extension) of daily maximum temperature (a) and minimum temperature (b)
at Tianjin Meteorological Observation Station covering 1 January 1887 (1 September 1890 for minimum) to 31 December 2019 (Rohde and
Hausfather, 2020). Vertical solid lines demarcate the discontinuities on 1 March 1897, 1 June 1907, 1 January 1955 and 1 January 1992.
Figure 7. The amplitudes of QM adjustment applied to daily maximum (a) and minimum (b) temperature data at Tianjin Meteorological
Observation Station.
For the minimum ones, about 85 % of adjustments cover
−0.8 to 0.5 ◦C. Table 4 provides the average amplitudes of
QM adjustment at the monthly timescale. It shows that for
the maximum data, the larger positive adjustments are mainly
applied to series in January and December, while the larger
negative adjustments are mainly in June, July and August.
For the minimum data, all the average amplitudes of QM ad-
justment at the monthly timescale are negative, which is the
same characteristic as those of the maximum ones; tempera-
ture series in the warm months (i.e., June, July and August)
are adjusted with larger negative amplitudes, but smaller neg-
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Table 4. The average QM adjustments at the monthly timescale applied to daily maximum- and minimum-temperature data at Tianjin
Meteorological Observation Station (unit – ◦C).
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Maximum 1.136 0.246 −0.616 −0.687 −1.322 −2.484 −2.817 −2.285 −1.046 −0.590 −0.582 0.566
temperature
Minimum −0.105 −0.297 −0.634 −0.979 −1.084 −1.090 −1.207 −1.184 −1.050 −0.951 −0.624 −0.317
temperature
ative amplitudes are used for the series in the colder months
(i.e., January, February and December).
The average annual maximum and minimum temperature
series based on the adjusted daily data (the red lines) in Tian-
jin are given in Fig. 8. The raw time series for Tianjin (after
quality control and extension), the interpolated series from
BE and CRU TS4.03, and station series from GHCN v3 for
Tianjin Station averaged from their monthly data are also dis-
played in Fig. 8. This shows that the newly constructed time
series has removed the large shifts in maximum and mini-
mum temperature series before 1955 and 1992 (Fig. 8, red
lines) compared with the raw ones (Fig. 8, black lines). Es-
pecially for the minimum data, the QM adjustments have off-
set the shifts between 1896 and 1908 to the greatest extent.
Meanwhile, the newly constructed temperature data have
similar inter-annual variability and trend changes compared
to those of BE, CRU TS4.03 and GHCN v3 during the over-
lapping period.
Table 5 provides the definition of temperature extremes
(Zhang et al., 2011). They are calculated based on the newly
constructed and raw series (after quality control and ex-
tension) in Tianjin. As shown in Fig. 9, the number of
TN10p (Fig. 9a) and TX10p (Fig. 9b) days at the monthly
timescale are increased by 0.3–2.0 d and 0.6–2.3 d based on
the newly constructed series, with increase especially in Au-
gust when they are increased by 2.0 and 2.3 d, respectively.
TX10p days in cold months (January, February and Decem-
ber) from newly constructed data are all less than those from
the raw data, with the number of days decreased by 3.1–
6.1. This is mainly due to large positive adjustments applied
to daily maximum temperature in these months (Table 4).
In the opposite sense, the number of TN90p (Fig. 9c) and
TX90p (Fig. 9d) days are decreased by 0.2–3.8 d and 0.9–
14.8 d, respectively, based on the newly constructed series.
The decreasing numbers of the two indices between May and
September are prominent, especially for TX90p from June to
August when the number is decreased by 11.8–14.8 d. This
is due to the large negative adjustments applied to daily max-
imum temperature in these months (Table 4). The number of
TN10p days (Fig. 9a) from newly constructed series at the
annual timescale are increased by 1.1 d compared to the raw
ones while for TX10p (Fig. 9b), TN90p (Fig. 9c) and TX90p
(Fig. 9d) days are decreased by 0.3, 2.1 and 5.7 d, respec-
tively.
5 The temperature change trend in Tianjin based on
newly constructed series
5.1 Mean temperature trend during the last 130 years
Table 6 shows that the annual trends of newly con-
structed maximum (1887–2019) and minimum (1891–
2019) temperature series in Tianjin are 0.119± 0.015 and
0.194± 0.013 ◦C per decade. Trend changes based on the
newly constructed series are nearly consistent with those
in BE and CRU TS4.03 on the century-long scale, and
these are 0.099± 0.010 and 0.156± 0.010 ◦C per decade and
0.062± 0.015 and 0.217± 0.015 ◦C per decade, respectively.
The trend of the mean temperature for the newly constructed
series (0.154± 0.013 ◦C per decade) is slightly larger than
those from the interpolated series from BE, CRU TS4.03
and Cao et al. (2013) (0.128± 0.009, 0.140± 0.013 and
0.098± 0.017 ◦C per decade, respectively). Moreover, an-
nual trend change in mean temperature based on the newly
constructed series at Tianjin is also a little larger than
those over the whole of China (Li et al., 2020b), which
are 0.130± 0.009, 0.114± 0.009 and 0.121± 0.009 ◦C per
decade from CRUTEM4, GHCN v3 and C-LSAT (during
1900–2017), respectively. This conforms to the underlying
changes across China. Increasing trends in northern China
are more prominent than those from other regions in main-
land China (Li et al., 2004; Zhai et al., 2004).
5.2 Extreme-event change trend during the last
130 years
Table 7 illustrates that trends of temperature extremes based
on the newly constructed series are all significant at the
5 % level and have much more coincident change. The
cold extremes (TN10p and TX10p) at annual and seasonal
timescales express significantly decreasing trends (except for
TX10p in winter), while the warm extremes (TN90p and
TX90p) show increasing trends. Trends of TN10p, TX10p,
TN90p and TX90p at the annual timescale are −1.454,
−0.140, 1.196 and 0.975 d per decade; all pass the signifi-
cance test at the 5 % level. For the seasonal change, the neg-
ative trends of TN10p and TX10p in spring are the largest,
reaching up to −1.861 and −0.508 d per decade during the
past 130 years. For TN90p and TX90p, the largest trend
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Figure 8. Annual average series of maximum (a) and minimum (b) temperatures in Tianjin from 1887 (1891 for minimum) to 2019 based
on newly constructed and raw daily data (after quality control and extension), correspondingly with annually averaged data based on the
interpolated series from monthly BE (1873–2019) and CRU TS4.03 (1901–2018) and station series from GHCN v3 (1905–1990) for Tianjin
Station.
Table 5. Definition of temperature extremes (Zhang et al., 2011). Days with maximum or minimum temperature above the 90th and below
the 10th percentiles are relative to the reference period of 1961–1990.
Index Description Definition Unit
TN10p Cold nights Days when daily minimum temperature < 10th percentile days
TN90p Warm nights Days when daily minimum temperature > 90th percentile days
TX10p Cold days Days when daily maximum temperature < 10th percentile days
TX90p Warm days Days when daily maximum temperature > 90th percentile days
change is in summer, with the amplitude of 1.443 and 1.474 d
per decade.
6 Data availability
The newly homogenized daily surface air temper-
ature data for Tianjin city over the century-long
scale are published at PANGAEA under the DOI
https://doi.org/10.1594/PANGAEA.924561 (Si and Li,
2020). The dataset contain the maximum, minimum and
mean temperature time series before and after adjustment as
well as new estimates of average and extreme temperature
trend change in Tianjin for the period of 1887–2019.
7 Conclusions and discussion
This paper documents the various procedures necessary to
construct a homogenized daily maximum and minimum tem-
perature series starting in 1887 for Tianjin. Procedures sim-
ilar to these could and should be used for other sufficiently
long and complete series across the world. The newly con-
structed data have reduced non-climatic errors at the daily
timescale, improved accuracy, and enhanced the real climate
representation of average and extreme temperature over the
century-long scale.
Three sources of surface observation daily data collected
by the Tianjin Meteorological Archive have been integrated,
viz. the Department of Industry Agency of the British Con-
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Figure 9. Annual and monthly temperature extremes of cold nights (TN10p) (a), cold days (TX10p) (b), warm nights (TN90p) (c) and warm
days (TX90p) (d) for daily newly constructed and raw temperatures (after quality control and extension) in Tianjin.
Table 6. Comparisons between newly constructed surface air temperatures and previous assessments of the annual trend change at the
century-long scale in Tianjin with uncertainties at the 95 % significance level (unit – ◦C per decade).
Newly constructed CRU TS4.03
1887(1891)–2019 BE (1873–2019) (1901–2018)
Maximum temperature 0.119± 0.015 0.099± 0.010 0.062± 0.015
Minimum temperature 0.194± 0.013 0.156± 0.010 0.217± 0.015
Mean temperature 0.154± 0.013 0.128± 0.009 0.140± 0.013
Table 7. Trends in annual and seasonal temperature extremes of
cold nights (TN10p), cold days (TX10p), warm nights (TN90p) and
warm days (TX90p) for daily newly constructed temperatures in
Tianjin (unit – d per decade).
TN10p TX10p TN90p TX90p
Annual −1.454∗ −0.140∗ 1.196∗ 0.975∗
Spring −1.861∗ −0.508∗ 1.423∗ 0.959∗
Summer −1.483∗ −0.213∗ 1.443∗ 1.474∗
Autumn −0.798∗ −0.221∗ 0.724∗ 0.621∗
Winter −1.555∗ 0.421∗ 1.119∗ 0.850∗
The asterisks indicate trend changes are significant at the 5 % level. The
annual time periods of TN10p and TN90p cover the 1891–2019 period,
TX10p and TX90p cover 1887–2019. The time periods of TN10p and
TN90p in spring and summer cover 1891–2019; those in autumn and
winter 1890–2019 (winter ending in 2018) and TX10p and TX90p in all
four seasons cover 1887–2019 (winter ending in 2018).
cession in Tianjin covering 1 September 1890–31 Decem-
ber 1931, the Water Conservancy Commission of North
China covering 1 January 1932–31 December 1950 and
monthly journal sheets of Tianjin surface meteorological
observation records covering 1 January 1951–31 Decem-
ber 2019. These three sources have provided a good founda-
tion for the construction of reliable homogenized daily series
by quality control of climatic-range checks, climatic-outlier
checks and internal-consistency checks. Data extension has
been undertaken in the interest of extending the length of the
series as far back as possible, but it is carried out only for the
daily maximum series due to length limitation of reference
daily data.
Using integration, quality control and extension, we de-
tected and adjusted the statistically significant breakpoints
in the daily maximum and minimum temperature time se-
ries from an objective perspective based on multiple refer-
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ence series and statistical characteristics from homogeniza-
tion detection by means of the PMT as well as sophisti-
cated manual data processing. This temperature series pro-
vides a set of new baseline data for the field of extreme cli-
mate change over the century-long scale and a reference for
construction of other long-term reliable daily time series in
the region. The annual trends of newly constructed maximum
and minimum temperature in Tianjin are 0.119± 0.015 and
0.194± 0.013 ◦C per decade over the last 130 years, which
are similar to those from Berkeley and CRU TS4.03. The
trend of mean temperature averaged from the new series is
0.154± 0.013 ◦C per decade, which is of the same order as
those over the whole of China (Li et al., 2020a, b). The new
daily data also show improvements over the archived datasets
for trend analyses of extremes. The trends in TN10p, TX10p,
TN90p and TX90p are all significant at the 5 % level, and
they give a much more consistent set of trends. To some
extent, changes in climate extremes can be analyzed with
higher confidence using the newly constructed daily data in
this paper.
However, in the current study, there may still be some sys-
tematic biases (possibly some potential breakpoints missed)
in the adjusted time series, since metadata of Tianjin Station
are not consistently available in the climatological archives
over the whole century as well as not documented during
the period before 1921. Climate data homogenization does
not always follow a consistent pattern (Si et al., 2018, 2019).
It is necessary to constantly improve the existing method-
ology and explore new techniques in order to obtain reli-
able homogenized data products. Accordingly, future work
should involve more detailed station metadata and more ad-
vanced data processing techniques to produce much better
daily datasets over the century scale.
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